Fusarium culmorum (Fc) and F. graminearum (Fg) belong to the predominant causal agents of fusarium crown and root rot (FCR) in wheat. While many studies have been done to investigate crown rot, including stem base infection, root colonization and mycotoxin production associated with root rot is not well understood. In this study the impact of mycotoxins on the colonization of wheat roots and stem bases was analysed by using Fc and Fg isolates that varied in both quantity and types of trichothecenes they produce. Seedling inoculations in growth chambers with a high deoxynivalenol (DON)-and 3-acetyldeoxynivalenol (3ADON)-producing isolate led to more severe symptoms and 20-times greater colonization of the stem base, as measured by Fc DNA accumulation, than isolates that produced less DON/3ADON. In contrast to stem base colonization, in vitro inoculations of roots with a Tri5 deletion mutant deficient in Fg trichothecene production led to three-times higher colonization than the wildtype. Furthermore, an Fc isolate that produced low levels of zearalenone resulted in twice the level of colonization of a high DON/3ADON-producing isolate included in the study. When root inoculation with a low DON/3ADON-producing Fc isolate was supplemented with exogenous DON, DON production decreased by more than half per unit weight of Fc DNA, and root colonization doubled compared to the untreated control. Therefore, in contrast to its potential role as an aggressiveness factor in stem base infection, trichothecene production by Fc and Fg is detrimental to the early stages of wheat root colonization in FCR.
Introduction
Fusarium culmorum and F. graminearum are, along with F. pseudograminearum, the predominant causal agents of fusarium crown and root rot (FCR) in wheat (Burgess et al., 1993; Smiley & Patterson, 1996; Paulitz et al., 2002; Chekali et al., 2011) . In dry areas, like the Pacific Northwest of the United States, Australia and the Middle East, F. culmorum may cause severe FCR resulting in significant yield losses (Cook, 1968; Fouly et al., 1996; Smiley & Patterson, 1996; Wildermuth et al., 1997) . Yield losses occur when stem bases and roots become necrotic, impairing vascular tissue function and increasing lodging (Smiley & Patterson, 1996; Clement & Parry, 1998) . Stem base and root infections of wheat by F. culmorum can take place as early as the seedling stage and may result in seedling blight (Scherm et al., 2013) . In later stages, the pathogen infects the crown roots and leaf sheaths, and may colonize the whole stem base up to the third node (Cook, 1981; Beccari et al., 2011) . Fusarium crown rot infections lead to brownish, necrotic discolourations on both roots and stem bases (Duthie & Hall, 1987; Scherm et al., 2013) .
Wheat stem base and root infections by F. graminearum are less thoroughly studied than F. culmorum. However, it was reported that F. graminearum infects the coleoptile at an early stage (Duthie & Hall, 1987) and, like F. culmorum, colonizes the whole stem base by step-wise penetration through the leaf sheaths until it reaches the culm (Clement & Parry, 1998) . Information on host resistance mechanisms and host-pathogen interactions during FCR is still scarce (Desmond et al., 2005; Beccari et al., 2011) . A previous study showed that trichothecene levels in stem bases were similar to those in heads after artificial inoculation of stem bases with F. graminearum (Mudge et al., 2006) . The authors indicated that trichothecene mycotoxins such as deoxynivalenol (DON) are not essential for infection but they can increase the success of stem base colonization by F. graminearum (Mudge et al., 2006) . Furthermore, Scherm et al. (2011) showed that DON plays an important role as an aggressiveness factor in stem base infections of durum wheat by F. culmorum, whereby disease incidence of FCR was decreased by 40-80% when the trichothecene regulatory gene Tri6 was silenced (Scherm et al., 2011) . Beccari et al. (2011) showed that the Tri5 gene, which encodes a trichodiene synthase that is responsible for the first step in trichothecene production, was consistently expressed during wheat root colonization with F. culmorum, and thereby concluded that trichothecenes were produced during infection. However, there are no studies available investigating trichothecene production by F. culmorum and F. graminearum and the role of trichothecenes in Fusarium root rot development. Both F. culmorum and F. graminearum produce DON and numerous other mycotoxins. Fusarium culmorum and F. graminearum isolates differ in the profiles of mycotoxins they produce. For F. culmorum, isolates are recognized as being producers of DON and either 15-acetyldeoxynivalenol (15ADON) or 3-acetyldeoxynivalenol (3ADON) or nivalenol (NIV), and/or fusarenone-X (FUS) (Scherm et al., 2013) . Additionally, some isolates of F. culmorum are able to produce zearalenone (ZEN) (Manka et al., 1985; Meng et al., 2010) . For F. graminearum, the predominant trichothecene chemotypes recognized are DON and 3ADON, DON and 15ADON, NIV or NX-2 (Ward et al., 2002; Varga et al., 2015) . In addition, some F. graminearum strains are also able to produce ZEN (Mirocha et al., 1989) . In wheat head colonization by F. graminearum, there is a significant and positive correlation between trichothecene production and aggressiveness (Goswami & Kistler, 2005) . The production of NIV by F. graminearum may also play a role in stem base and root colonization during FCR; however, studies on this have not been reported to date.
The aim of this study was to examine whether trichothecenes play a role in the infection and aggressiveness of F. culmorum and F. graminearum during root colonization. It also aimed to analyse the degree of colonization of wheat stem bases and roots at a later growth stage (milk ripeness) following seedling inoculation with Fusarium isolates differing in the amount and profile of trichothecenes produced. Two experiments were conducted. In the first experiment, wheat roots were examined in vitro in bioassay plates following inoculation with different trichothecene producers to analyse root colonization and disease development. Additionally, the importance of DON was examined by enriching the root growth medium of a low trichothecene-producing F. culmorum strain with purified DON immediately before inoculation to see if it would enhance the colonization ability. In order to examine whether trichothecenes, such as DON, play a role in pathogenicity and/or aggressiveness during root infection, inoculations were also conducted using a Tri5 deletion mutant of F. graminearum. In an additional growth chamber experiment, wheat seedlings were inoculated by enriching the soil with isolates of F. culmorum and F. graminearum differing in trichothecene production. Trichothecene and DNA quantification in root and stem base tissue, together with data on symptom development and biomass, demonstrated the impact of trichothecene production during root and stem base colonization of wheat.
Materials and methods

Fungal isolates and plant material
For growth chamber and in vitro growth experiments, three isolates of F. culmorum selected from the collection of the Small Grains Pathology (SGP) laboratory, Department of Plant Pathology at the University of Minnesota were used (Table 1) . The first isolate, 10212001, produced high levels of both DON and 3ADON in rice culture, while the second isolate, 10286002, mainly produced ZEN. The third isolate, 10281010, produced comparatively lower levels of DON and 3ADON than isolate 10212001. Additionally, two F. graminearum isolates were included in the study: one isolate, 10100004 from the SGP collection, demonstrated high DON and 3ADON production, while the other, isolate 02-15 from the USDA-ARS Cereal Disease Laboratory, St Paul, USA, demonstrated NIV production in a Mean mycotoxin levels AE standard deviation assessed in isolates following incubation in rice culture for 10 days at 22°C with gas chromatographymass spectrometry (GC-MS) as described by Mirocha et al. (1998) and Jiang et al. (2006) , n = 3. b Isolates were grouped into low or high mycotoxin production. Isolates displaying no or ≤1.5 mg kg À1 mycotoxin production were considered as low (LD) and isolates showing ≥10 mg kg À1 mycotoxin production were considered as high (HD) mycotoxin producers. Table S1 .
The hard red spring wheat variety Samson, released in 2007 by WestBred, Monsanto, was used for the growth chamber and in vitro experiments. Samson is considered to be susceptible to fusarium head blight and is rated at 8 on a 1-9 scale, where 1 represents the highest level of resistance (Minnesota Variety Trials Bulletin, 2015) .
Molecular chemotyping of isolates
The term 'chemotype' refers here to genetic differences in the trichothecene gene cluster. Two specific multiplex PCRs, for the Tri3 and Tri12 genes, were carried out to distinguish between NIV, 3ADON and 15ADON trichothecene chemotypes, using a slightly modified procedure from that described by Ward et al. (2008) . DNA from fungal cultures of each isolate or inoculated roots from the in vitro assay served as templates. PCR conditions were followed as described in Ward et al. (2008) ; Tri3 and Tri12 multiplex amplifications were performed in 25 lL volumes with 12.5 lL DreamTaq PCR MasterMix (Thermo Fisher Scientific), 0.2 lM of each primer and 9.5 lL water. Two microlitres of DNA at a concentration of 100 ng lL À1 served as template.
Growth chamber experiments
Wheat seeds were surface disinfected in 70% ethanol for 30 s under constant agitation and subsequently washed twice in sterile, double-filtered, deionized water. Seeds were then placed on twice-autoclaved (15 min at 121°C) moist gravel, contained in glass Petri dishes (15 cm diameter, 4 cm depth) and the dishes without lids were wrapped in aluminium foil. The seeds were kept at 21°C for 4 days to promote germination. Fusarium inoculum was produced by adding 10 mL of macroconidial suspension (250 000 macroconidia per mL) to twice-autoclaved (121°C for 30 min on consecutive days) plastic tissue culture boxes (8 9 10 9 10 cm) containing 30 g wheat straw (chopped into small pieces using a blender and with a maximum length of 2 cm) and 20 mL deionized water, and incubating the mixture at 21°C for 4 weeks. Macroconidial suspensions were produced as described previously by Winter et al. (2013) . Wheat plants were inoculated by planting the pregerminated seedlings, two seedlings per pot (25 cm depth 9 6.5 cm diameter, Deepot D40H; Stuewe & Sons, Inc.), 4 weeks following soil sterilization, into twice-autoclaved soil (121°C for 1 h on consecutive days; 3:1 ratio of potting soil to sand in sealed plastic bags) enriched with the Fusariumcolonized wheat straw (72 g straw per 10 kg soil mix). For each treatment, 16 plants (eight pots) were inoculated with the respective isolate. A noninoculated treatment served as a control. Plants were grown in a growth chamber under a 16/8 h light/dark cycle maintained at 21/16°C. At the stem elongation stage (GS 30-34; Tottman, 1987) secondary shoots were removed, leaving only the main tiller. Plants were fertilized 5 weeks after planting with a slow release fertilizer (1/4 teaspoon, Osmocote classic 14-14-14 (N-P-K); Everris).
Samples for analysis were collected at the late milk ripeness stage (GS 77). Plants were cut just above crown roots, and above-ground plant biomass and disease symptoms were assessed. Disease severity of stem bases was rated on the culm after removing the leaf sheaths using a 0-3 scale, where 0 = no lesion visible, 1 = lesion covering up to 50% of stem surface area, 2 = lesion covering 51-100% of stem surface area, 3 = tissue rotten. The lower 8 cm of the stem base were used for Fusarium DNA quantification and toxin measurement. Roots were separated from the potting soil by rinsing under a tap fitted with a spray nozzle. After patting the roots dry with paper towels, disease symptoms and fresh weight were assessed. Disease severity was rated visually as the percentage of root tissue with symptoms (discoloured). For analysis, identical plant parts of four plants from two pots were bulked into a single sample (n = 4). Subsequently, plant samples were frozen in liquid nitrogen and then stored at À20°C until further analysis. The experiment was conducted twice.
In vitro growth assay
Square bioassay plates (22.5 cm width 9 22.5 cm height 9 1.5 cm depth) were sterilized by submerging them in 1% sodium hypochlorite for 20 min, rinsing under tap water and then transferring them to dry under UV light in a working biosafety cabinet for 1 h. Following surface sterilization, 500 mL of root observation medium (ROM) was dispensed into each plate. ROM was formulated as follows (per L): 2.5 g potato dextrose agar (PDA; BD Difco), 2.2 g Murashige & Skoog basal medium (Sigma-Aldrich), 9.0 g agar (BD). After solidification, one-third of the ROM (a strip 22.5 9 8 9 1 cm immediately adjacent to one side of the plate) was removed with a spatula under sterile conditions in order to establish space for aboveground plant growth. Seeds of the cultivar Samson were surface sterilized for 10 min in a solution of 0.1% silver nitrate (AgNO 3 ), and then washed twice in sterile distilled water. Sterile seeds were pregerminated as described previously. Subsequently, seedlings were placed onto the cut surface of the agar (planting surface) with rootlets facing into the agar. Plates were sealed with micropore tape (3M) and placed in a rack, holding them at an 80°angle to the benchtop, for incubation at 21°C. After 48 h, plates were inoculated under sterile conditions by removing a 2 cm wide strip of the ROM (22.5 9 2 9 1 cm, parallel to the planting surface of the agar) and replacing it with inoculated medium. Briefly, the inoculated medium consisted of molten ROM (40-45°C) amended with Fusarium macroconidia of a single isolate at a rate of 3000 spores per mL ROM. Spore suspensions were produced as described in Winter et al. (2013) . In order to ensure similar timing of contact between roots and the growing mycelium of the Fusarium isolates tested, the inoculum strip was placed at varying heights according to isolate growth rates, as determined by preliminary studies. The inoculum strips were located at the following distances between the planting surface and the top of the inoculum strip for the various isolate treatments: 8.5 cm for Fg DON, Fg NIV, Fg DONwt, Fg DON À , Fc HD; 7.7 cm for Fc LD1; 6 cm for Fc LD2 (for isolate information see Table 1 ). A noninoculated treatment served as a control.
Medium enriched with DON was tested as an additional treatment in combination with the low DON-producing isolate 10281010 (Fc LD2). In this treatment, on the same day or the day after placement of seedlings, purified DON (with ≥95% purity, provided by Susan McCormick, USDA ARS NCAUR, Peoria, IL, USA) was added to molten ROM and poured into a Plant Pathology (2019) 68, [185] [186] [187] [188] [189] [190] [191] [192] [193] [194] [195] 4 cm wide agar strip (22.5 9 4 9 1 cm) the upper edge of which was 2 cm below the agar planting surface. DON was added to the ROM at 0.2 mg kg
À1
. This concentration reflected the average concentration of DON measured in the agar of plates inoculated with the high DON/3-ADON-producing isolate 10212001 (Fc HD) 9 days after inoculation in preliminary studies. Plates in the DON-amended treatments were inoculated with Fc LD2 as described above, with the inoculated agar strip (also 2 cm wide) being placed adjacent to and below the DON-enriched strip. Plates were incubated at 21°C for 7 days post-inoculation (dpi) for isolates of F. culmorum and 9 dpi for isolates of F. graminearum.
On the day of harvest, photographs were taken of the underside of plates with a camera (Tough TG-610, 14 megapixel; Olympus) mounted on a tripod at a fixed angle and distance. The root length of main roots was determined digitally using IMAGEJ software (www.imagej.nih.gov). The root colonization by the Fusarium isolates in plates was visually assessed from photographs; two assessors rated each sample. Visual ratings of root colonization included both the amount of discoloured (brown) root tissue (%) and the severity of the discolouration (0-5 scale). For each plate, plants were manually extracted from the agar medium and the roots were gently wiped with tissue paper (KimWipes; Kimberly-Clark) to remove any remaining agar. Roots were excised from the plants, bulked (by plate), and the fresh weight determined. Subsequently, roots were freeze dried (VirTis BenchTop; SP Industries Inc.) for 24 h, weighed, and stored at room temperature in the dark until DNA was extracted and mycotoxin levels assessed. Each analytical sample consisted of the root tissue from 12 plants with n = 4. Following the removal of the plants from the medium, the agar from each plate was transferred into a plastic weigh dish, frozen at À20°C overnight, and dried in a fume hood prior to mycotoxin measurement.
Quantification of Fusarium DNA in plant tissue by quantitative PCR DNA for quantitative PCR (qPCR) standards was obtained from mycelia harvested with a glass microscope slide from PDA plates cultured for 5 days. Fresh myeclia were immediately transferred into liquid nitrogen. Stem bases, roots and fungal mycelia were ground into fine powder in liquid nitrogen using a mortar and pestle. DNA was extracted using a cetyltrimethylammonium bromide (CTAB)-based method (Brandfass & Karlovsky, 2008) . The success of DNA extraction was checked by agarose gel electrophoresis (1.5%) stained with SYBR Safe DNA gel stain (Thermo Fisher Scientific). DNA concentration was analysed by spectroscopy (NanoDrop; Thermo Fisher Scientific) and diluted to 10 ng lL À1 for subsequent DNA quantification. Fungal biomass in plant tissue was quantified by determination of fungal DNA with species-specific qPCR. Amplification and melting curve analysis was performed with the 7500 Fast Real-Time PCR system (Applied Biosystems). PCR quantification of F. culmorum and F. graminearum DNA was conducted as described previously (Brandfass & Karlovsky, 2006) with the following few modifications. Quantification took place in 10 lL reaction mix, containing 5 lL SensiFAST SYBR Lo-ROX premix (Bioline), 0.4 lM of each forward and reverse primer, 3.2 lL water and 1 lL template DNA. The PCR programme started with an initial denaturation for 2 min at 95°C; followed by 34 cycles of 20 s at 95°C (denaturation), 20 s at 62°C (annealing), and 25 s or 35 s at 72°C (for F. graminearum and F. culmorum, respectively; elongation). The amount of fungal DNA was determined from calibration curves obtained with fungal DNA ranging from 0.1 to 1000 pg dissolved in the respective plant DNA matrix. Samples with cycle threshold values higher than that of the 0.1 pg DNA standard were regarded as free from fungal colonization during statistical analyses and were accordingly assigned a value of ≤0.01 pg mg À1 .
Mycotoxin quantification
Trichothecene mycotoxins (DON, 3ADON, 15ADON , NIV) and ZEN were analysed by gas chromatography-mass spectrometry (GC-MS) as described previously (Mirocha et al., 1998; Jiang et al., 2006) . Briefly, a sample of ground roots (2-23 mg) was extracted in 2 mL of acetonitrile:water (84:16, v/v) shaken for 1 h and passed through a purification column packed with C18 and aluminium oxide (1/3, w/w). A 1.8 mL aliquot of the filtrate was dried under nitrogen and then derivatized using 25 lL of silylating reagent (TMSI/TMCS = 100:1, v/v). For agar samples, 2 g agar was extracted in 32 mL acetonitrile:water (84:16, v/v) and shaken for 2 h and passed through a purification column. A 2 mL aliquot of the filtrate was dried under nitrogen and then derivatized by 60 lL of silylating reagent (TMSI/TMCS = 100:1, v/v). Mycotoxins were quantified using the Shimadzu GCMS QP2010 system (Shimadzu Corp.). The limit of quantification (LOQ) was 0.05 mg kg À1 ; tissues with mycotoxin levels lower than the LOQ were regarded as free of mycotoxin contamination during statistical analysis and were indicated as ≤0.05 mg kg
À1
. Analytical standards for the quantification of DON, 3ADON, 15ADON, NIV and ZEN were purchased from Romer Labs.
Statistical analysis
Statistical analysis was performed with the computer software STATISTICA (Dell Statistica). Data of the two biological replicates of the growth chamber experiment were combined for final data analysis. As readings from disease severity scoring at the stem base were ordinally scaled and assigned to severity categories from 0 to 3, the univariate nonparametric KruskalWallis test was applied to these data. Disease rating data from roots, readings from DON and fungal biomass quantifications were log-transformed with the formula log (x + 1) prior to analysis of variance (ANOVA) to obtain a suitable distribution of the residuals. Log-transformed data and fresh weight data were analysed for significant differences with Tukey's post hoc test.
Results
Genotyping of isolates to determine chemotype
Chemotype-specific multiplex PCRs for the regions of the Tri3 and Tri12 genes in pure fungal DNA revealed that all three F. culmorum isolates (10212001, 10286002 and 10281010) and the F. graminearum isolate 10100004 grouped into the 3ADON chemotype, whereas F. graminearum isolates NRRL 31084 and PH-1Tri5
À were classified as members of the 15ADON chemotype. Multiplex PCRs confirmed that the F. graminearum isolate 02-15 was a NIV chemotype isolate (Fig. S1) . Additionally, multiplex PCRs verified the presence of the respective chemotype in root tissue after inoculation (Fig. S1 ).
Role of trichothecene production for wheat root and stem base colonization Inoculation with F. culmorum Inoculation of the growth medium with the high DON/3ADON-producing F. culmorum isolate (treatment Fc HD) in growth chamber experiments resulted in nearly three-times more root tissue with symptoms than was observed in the treatments inoculated with no-and low-DON/ADON-producing isolates (treatments Fc LD1 and Fc LD2, respectively), as assessed at GS 77 (Table 2 ). All isolates led to significantly more disease symptoms on stem bases compared to the noninoculated control. The root fresh weight was not affected by inoculations with any of the three F. culmorum isolates tested, but the above-ground biomass was reduced by one-third after inoculation with the high DON/3ADON-producing F. culmorum isolate (treatment Fc HD) compared to the control (Table 2 ). All isolates tested led to significant quantities of fungal DNA in root tissue compared to the control. Treatment Fc HD and Fc LD2 resulted in elevated DON levels in the roots, which were four-times higher than in treatment Fc LD1 (Table 2) . Inoculation with the high DON/3ADON-producing isolate (treatment Fc HD) led to 50-and 19-times higher F. culmorum DNA levels in stem bases compared to Fc LD1 and Fc LD2, respectively. DON quantities in the stem bases of wheat plants in treatment Fc HD were 100-and 20-times higher than in stem bases of plants in treatment Fc LD1 and Fc LD2, respectively (Table 2) . Fusarium culmorum DNA and DON levels in sampled tissues had a high and positive correlation (r 2 = 0.92, P = 0.0000; Fig. 1 ).
Inoculation with F. graminearum Inoculation with F. graminearum isolates 10100004 and 02-15 (Fg DON and Fg NIV, respectively) resulted in no significant effect on visible symptoms of disease on roots or fresh weight of roots but led to higher disease symptoms on stem bases compared to the control ( Table 2 ). The above-ground biomass was significantly reduced in treatment Fg DON. The highest F. graminearum DNA levels were found in roots and stem bases from treatment Fg NIV, which were five-times higher in roots and 23-times higher in stem bases than Fg DON. Similar amounts of NIV and DON were detected in the inoculated plants from the Fg NIV and Fg DON treatments, respectively (Table 2) . 
In vitro experiments with different trichothecene producers
In vitro inoculation with different Fusarium isolates led to visual disease symptoms on wheat roots (Fig. 2) . Roots with symptoms showed light to dark brown discolouration, mainly at the root tips (Fig. 2) , which was in clear contrast to the medium.
Inoculation with F. culmorum Inoculation of wheat roots with isolates of F. culmorum with differing trichothecene profiles led to different levels of colonization as assessed visually. The percentage amount of tissue with symptoms was nearly twice as much after inoculation with treatments Fc LD2 and Fc LD2 + DON (low DON/3ADON production) compared to Fc HD (high DON/3ADON production; Table 3 ). Disease severity, assessed as the degree of discolouration in colonized root tissue, was greater in treatments Fc LD2 and Fc LD2 + DON compared to the control (Table 3) . Root growth was significantly inhibited by fungal colonization compared to the noninoculated controls. Root growth was reduced by 40% (treatment Fc HD and Fc LD1) and 50% (treatment Fc LD2) after inoculation with different F. culmorum isolates compared to the control. Combining inoculation with isolate 10281010 with agar enrichment with DON (treatment Fc LD2 + DON) had the strongest effect on reducing root growth, the 60% reduction in root length as compared to the control, and root development in this treatment was also significantly less compared to Fc HD. Root fresh weight was only reduced as compared to the control in treatment Fc LD1 and Fc LD2 + DON (Table 3 ). In terms of root colonization, as assessed by F. culmorum DNA quantification, treatments Fc LD1 and Fc LD2 + DON resulted in colonization levels twice those of treatments Fc HD and Fc LD2 (Table 3) . Interestingly, the DON levels were similar in treatments Fc HD and Fc LD2 in root tissue (Table 3) . Overall, isolate 1021001 (treatment Fc HD) was the strongest trichothecene producer, and the levels of 3ADON in roots and agar were the highest detected for both substrates of any of the treatments included in the study (Table 3 ). In treatment Fc LD1, no trichothecenes were detected in root tissues and only 0.1 mg kg À1 ZEN was detected in agar. Interestingly, adding DON to the agar (treatment Fc LD2 + DON) did not increase DON levels in roots and agar compared to treatment Fc LD2 alone (Table 3) . Comparing the total trichothecene production (trichothecene content (mg kg À1 ) per ng quantified F. culmorum DNA) in root tissue between treatments Fc LD2 and Fc LD2 + DON revealed that enriching the agar with DON significantly reduced the amount of DON and the total amount of trichothecenes produced by this isolate of F. culmorum in root tissue (Fig. 3) . Inoculation with F. graminearum Inoculations with F. graminearum isolates led to significant disease symptoms on root tissue and reduced root length compared to the control (Table 3 ). The amount of root tissue with symptoms in treatments Fg DON and Fg NIV was significantly higher than in treatments Fg DON À and Fg DONwt. Only treatment Fg NIV resulted in a higher disease severity rating for the root tissue with symptoms compared to the control (Table 3) . Root fresh weight differed between inoculation treatments Fg NIV and Fg DON. Strikingly, root colonization in terms of F. graminearum DNA was by far the highest in treatment Fg DON À , which was three-times higher than in treatment Fg DONwt, and twice as high as in Fg NIV, and four-times higher than in treatment Fg DON (Table 3) . Treatments Fg DON and Fg DONwt led to significant higher levels of DON/3ADON and DON/15ADON, respectively, in roots and agar, whereas treatment Fg NIV resulted in only low levels of NIV accumulation. No trichothecenes were detected in roots and agar samples from treatment Fg DON À (Table 3) .
Discussion
This study investigated the role of trichothecene production for wheat root and stem base colonization by Fusarium isolates differing in the amount and types of trichothecene mycotoxins they produce. This research provided evidence, for the first time, that trichothecenes were produced and accumulated in significant amounts during wheat root infection and colonization by both F. culmorum and F. graminearum in vitro and also under the more natural conditions established in growth chamber experiments. However, there were unexpected differences in the results observed in the two experiments. Most notably, fungal colonization and trichothecene levels in wheat roots were much lower in the growth chamber experiment than under the in vitro conditions following inoculation of wheat plants with the same isolate. The same and distinct treatment differences were not observed in fungal root colonization by different isolates of F. culmorum examined in the growth chamber experiment. In this experiment, roots were excised at the milk ripeness stage, nearly 3 months after planting, and significant water pressure was used to remove attached potting soil and straw inoculum from the root surfaces. Given the root sampling method, it is possible that the fragile, infected root tissues were lost before analysis, which would diminish the ability to observe colonization and detect trichothecene levels in the recovered tissues. However, the possibility that the straw inoculation was unsuccessful can be excluded, because significant quantities of trichothecenes and Fusarium DNA were still found in both roots and stem bases. Levels of DNA and DON in stem bases provided evidence for a role of DON during colonization by F. culmorum. Inoculation with a high DON/3ADON-producing F. culmorum isolate (10212001) led to significantly higher colonization and DON accumulation of stem bases than was observed following inoculations with low/no DON-producing isolates (10286002, 10281010) . Furthermore, DON and DNA levels were positively correlated in the stem base tissues sampled.
Together with previous findings that demonstrated that the inoculation of wheat stem bases with F. graminearum and F. culmorum mutants that do not produce trichothecenes led to lower colonization levels in wheat than with wildtype isolates (Mudge et al., 2006; Scherm et al., 2011) , the current results suggest that trichothecenes, such as DON, play a role during the stem base infection of wheat by Fusarium species.
In contrast, the results of the in vitro assay suggest that trichothecene production by F. culmorum and F. graminearum is detrimental to root colonization during fusarium root rot of wheat. In the current study in vitro inoculations of wheat roots with an isolate of F. graminearum deficient for trichothecene production (in isolate PH-1Tri5 À the Tri5 gene, which encodes for a trichodiene synthase necessary in trichothecene production was deleted) resulted in significantly higher levels of F. graminearum DNA in roots than the corresponding wildtype strain. As expected, no DON, 3ADON, 15ADON or NIV was detected in root tissue colonized by the isolate deficient for trichothecene production.
Similarly, for F. culmorum, an isolate (10286002) with no trichothecene production during root colonization resulted in nearly twice the levels of fungal DNA in roots than isolates displaying strong DON/3ADON production in the in vitro study. Consistent with this pattern, the NIV-producing isolate of F. graminearum (02-15) produced very low levels of NIV, no DON, 3ADON or 15ADON in vitro, and was able to colonize the root tissues effectively. This result was also strikingly different to the expected results given the role that trichothecenes, such as DON, are considered to play in the development of fusarium head blight in wheat. Inoculation of wheat heads with Tri5 deletion mutants of F. graminearum in the field and under controlled conditions have shown disease severity was significantly lower than in plants inoculated with the wildtype isolates (Proctor et al., 1995; Desjardins et al., 1996; Bai et al., 2002; Jansen et al., 2005; Maier et al., 2006) . Trichothecenes are not essential for initial infection of spikelets after floral inoculation of wheat, but rather reported to enable wheat head colonization by suppressing the production of cell wall fortifications at the rachis node; this makes the trichothecenes aggressiveness factors in the F. graminearum-wheat fusarium head blight pathosystem (Jansen et al., 2005) . The different responses of high-and low/ no-trichothecene-producing Fusarium isolates during wheat head, stem base and root colonization suggests that aggressiveness in Fusarium species is organ specific. Wheat heads, stem bases and roots differ in their cell and tissue types, and these cell types might determine whether or not trichothecenes act as aggressiveness factors in such tissues. The assumption that trichothecenes, such as DON, are aggressiveness factors in wheat heads and stem bases, but not in roots, suggests that green tissues might be more affected by the trichothecene toxins than tissue without pigments. Barley leaf segments exposed to high concentrations of DON have been reported to have damaged plasmalemmas, followed by the loss of the photosynthetic active pigments from chloroplasts (Bushnell et al., 2010) . This damage to photosynthetic tissues might contribute to the initiation of apoptosis, and partially explain the aggressiveness effects of trichothecenes in green tissue. DON and other trichothecenes are also known to be generally phytotoxic, as they inhibit protein biosynthesis and peroxidation of lipids (Bamburg, 1976; Rizzo et al., 1994; Miller & Ewen, 1997) , leading to cell death and the transcription of several plant defence genes (Desmond et al., 2008) . Therefore, in the absence of DON production during root colonization, plant defences might be reduced or activated too late for the plant to mount an effective defence, with either response resulting in severe colonization. Indeed, during early stages of wheat root infection by F. culmorum the activation of defence-associated genes has been observed (Beccari et al., 2011) . If the production of trichothecenes plays a crucial role for the activation of plant defence responses during Fusarium root rot, the findings in this current study might have major implications for future breeding efforts to control this disease by host resistance. The results of the in vitro growth assay revealed that, specifically during wheat root infection by F. culmorum and F. graminearum, there is an association between low or deficient trichothecene production and high aggressiveness. It may also be that trichothecene production comes at a strong fitness cost, and that it is subject to feedback regulation. When purified DON was added to the agar medium in conjunction with the low DON/ 3ADON-producing isolate 10281010 (treatment Fc LD2 + DON), the amount of DON produced per unit of fungal DNA was significantly reduced compared to inoculation with isolate 10281010 (treatment Fc LD2) alone; however, root colonization significantly increased.
It appears that the amount of trichothecenes, and also the number and type of toxins being produced, determines the degree of root infestation. In the current study the NIV-and DON-producing chemotypes of F. graminearum differed in aggressiveness during wheat root and stem base colonization. The NIV-producing isolate (02-15) resulted in higher colonization of both organs than the DON-producing isolates (10100004, NRRL 31084) examined in this study. NIV may well have a role as an aggressiveness factor during wheat root and stem base infections. Indeed, NIV has been shown to be an aggressiveness factor for F. graminearum in maize ear rot, while DON was reported to have no effect on disease development (Maier et al., 2006) . In future work, a Tri5 deletion mutant of a wildtype isolate with a NIV chemotype could be used to verify whether NIV is an aggressiveness factor during root and stem base infection by Fusarium spp.
In summary, this study demonstrates that under controlled conditions isolates of F. culmorum and F. graminearum have the capacity to colonize wheat roots and stem bases effectively. Trichothecene production appears to have a detrimental effect on early root colonization although there is evidence that these mycotoxins may assist in the infection and or colonization of stem bases, which needs to be verified in further experiments using more high-and low-trichotheceneproducing strains of Fusarium spp. It appears that trichothecene production in Fusarium spp. affects wheat stem base and root colonization in a highly complex and organ-specific manner, which might have crucial implications for the development of resistant cultivars and future control strategies of fusarium crown rot in wheat.
base of wheat (Triticum aestivum L.) infected with Fusarium culmorum. Phytopathology 103, 682-9.
Supporting Information
Additional Supporting Information may be found in the online version of this article at the publisher's web-site. Figure S1 . DNA fragments separated in an agarose gel after multiplex PCRs (a, c, Tri3; b, d, Tri12) performed in root DNA samples 7 and 9 days post-inoculation with different Fusarium graminearum (a, b) and F. culmorum (c, d) isolates under in vitro conditions, to verify nivalenol (NIV), 3-acetyldeoxynivalenol (3ADON) and 15-acetyldeoxynivalenol (15ADON) trichothecene chemotypes in planta genotyping. Pure fungal DNA from the isolates used in this study served to determine their chemotype. DNA from known chemotypes served as positive controls. Multiplex PCRs were carried out according to Ward et al. (2008) with minor modifications. 
